Radially polarized ultrafast laser beams are used in the fabrication of three-dimensional photonic crystals with the two-photon polymerization technique in organic-inorganic hybrid materials. It has been found that when a radially polarized beam is employed, the lateral size of the fabricated polymer rods is decreased by 27.5% from 138 to 100 nm under a threshold fabrication condition, leading to a 17.35% reduction in the filling ratio of the photonic crystal. A comparison of the stop gaps between radially polarized and linearly polarized beam illumination shows a higher suppression ratio in transmission and a wider wavelength range in the former case owing to the favorable tuning of the filling ratio of the three-dimensional photonic crystals.
Characterized by its unique polarization properties, a radially polarized beam, as shown in Figs. 1(a)-1(c), has attracted much attention in recent years [1] [2] [3] [4] [5] [6] [7] . The most intriguing property of a radially polarized beam is its highly symmetric and ultrasmall focal spot of the longitudinal component when being focused by a high-NA objective. Unlike the tight focusing of a linearly or circularly polarized beam, in which the depolarization induced longitudinal component deteriorates the overall focal spot by either splitting it into two lobes [8, 9] or enlarging its size [10] , the longitudinal component of a radially polarized beam is capable of dramatically increasing the lateral resolution of the overall focal spot when its strength is dominant. In particular, when such a beam is combined with other optical elements, for example, binary phase elements, which are specially designed to enhance the longitudinal component, even a "pure longitudinal needle" with lateral size beyond the diffraction limit can be created [5] . The capacity of achieving higher resolution has thus stimulated various exciting applications with radially polarized beams including linear and nonlinear microscopic imaging [1, 2] , optical laser trapping [4, 11] , and greatly enhanced surface plasmonic wave excitation [3, 6] . In the meantime it also opens possible applications in optical data storage and optical lithography, in which resolution holds a key.
In this Letter, we demonstrate the use of radially polarized beams for the three-dimensional (3D) nanofabrication of 3D photonic crystals (PCs) with functional stop gaps using the two-photon polymerization (2PP) technique. It has been found that the lateral size of a single polymer rod in the fabricated PC can be greatly reduced by almost 40 nm compared with that fabricated with a linearly polarized beam under the same threshold fabrication condition. In addition, owing to the highly symmetric nature of the focal spot, the resultant PC structures present better quality than those fabricated with linearly polarized beams.
Radially polarized beams can be generated by direct and indirect methods. With the direct method, radially polarized beams have been demonstrated as the output from the laser cavities [12, 13] . With the indirect method, radial polarization has been produced by using spatial light modulators [1] , interferometer [14, 15] , and segmented half-wave-plates [16] . In the current work the radially polarized beam is produced by a simple twisted nematic liquid crystal device (Arcoptix S.A.) operating in a broad wavelength region (400-1700 nm) [17] . High conversion efficiency of 75% can be experimentally achieved at 580 nm. As shown in Fig. 1(d) , the radially polarized beam in free space shows a ring pattern that is similar to its theoretical counterpart [ Fig. 1(a) ]. An ex- amination of the beam quality by an analyzer along the horizontal and vertical directions reveals twolobe beam profiles [Figs. 1(e) and 1(f)], which reproduce the theoretical plots [Figs. 1(b) and 1(c)] demonstrating the high quality of the beam. The intensity distribution along every polarization direction is almost uniform (with an averaged change less than 5%), as shown in Fig. 1(g) .
Such a radially polarized beam was launched into a standard 2PP fabrication system consisting of an ultrafast laser ( = 580 nm, repetition rate= 80 MHz, pulse duration= 200 fs), a telescope based optical setup, a computer-controlled mechanical shutter, a high-precision 3D piezoscanning stage, and a high-NA ͑NA= 1.4͒ objective [18] [19] [20] [21] . An organic-inorgnic hybrid resin Ormocer (refractive index n ϳ 1.47) with a single-photon absorption band in the ultraviolet region was used in the fabrication. During the 2PP process a threshold fabrication method, which allows polymerization to occur at a minimum excitation laser power, was employed to reduce the fabricated feature size. The obtainable fabrication resolution was determined by the focal spot size of the objective and the response properties of the material.
To estimate the minimum achievable feature size, the two-photon intensity distributions of the focal spots of linearly and radially polarized beams are calculated through the coverglass ͑n 1 = 1.515͒ and polymer interface using the vectorial diffraction theory [22] . The results are shown in Figs. 2(a)-2(d) . Owing to the significant contribution from the longitudinal component in the focal region [9, 14, 22] , it is clearly seen that in the lateral plane, the linearly polarized beam shows an elongated focal spot along the incident polarization direction (the X axis). In comparison, the radially polarized beam presents a much symmetric profile with a reduced lateral size. In the axial direction (the Z axis), as expected, the radially polarized beam shows an extended focal size compared with that of the linearly polarized beam. A precise cross-section comparison of the focal spot along both the lateral and axial directions is presented in Fig. 2(e) . The FWHM of the lateral cross section in the linear polarization case is 228 nm. It is considerably reduced to 175 nm when a radially polarized beam is used, which leads to a 25% increase in the lateral resolution. In the mean time the axial resolution is degraded from 319 to 380 nm.
According to the calculated FWHM of the twophoton focal intensity distribution, the laser parameters used in the experiment and the two-photon absorption properties of the Ormocers [23] , the diameter ͑D͒, and the length ͑L͒ of the achievable voxel can be predicted by employing simple equations described in [23] . In Fig. 3 , the voxel diameter and length are calculated as functions of the input laser power for a constant exposure time of 5 ms. The experimentally obtained voxel size is also plotted in the same figure, which presents a perfect match with the calculated curve. It can be clearly seen that the diameter of the voxel can be decreased by more than 24% if a radial beam is used and the length of the voxel is increased by approximately 19%. In particular, in our experiment when a threshold fabrication power of 1.25 mW was used, the measured voxel diameter is 100 nm, which is 27.5% smaller than that (138 nm) fabricated under the linear polarization illumination with the same laser power. On the other hand, owing to an extended focus of the radially polarized beam, the length of a voxel is enlarged from 321 to 365 nm leading to a 14% increase.
The radially polarized beam was employed to fabricate 3D woodpile PCs. The fabrication results are presented in Fig. 4 . In Fig. 4(a) the geometry of a woodpile PC is illustrated. Normally a woodpile PC follows a face-centered tetragonal ͑fct͒ geometry. But when c / d = ͱ 2 it becomes a face-centered cubic ͑fcc͒ crystal. In the current work, we focused on the fcc (c) , the band diagrams have been calculated using the MPB software [24] , as shown in Fig. 4(d) . In the ⌫-X direction (i.e., the stacking direction of the woodpile), a stop gap starting from a normalized frequency of 0.68 is presenting in the PC fabricated with a linearly polarized beam. In comparison the stop gap shifted slightly toward the lower frequency region in the PC fabricated with a radially polarized beam because of the increase in the rod thickness in the stacking direction. In addition, owing to a favorable tuning of the filling ratio (17.35% reduction) of the woodpile, the stop gap exhibits a slightly wider frequency range compared with that fabricated with a linearly polarized beam.
The transmission spectra of the PCs measured with a Fourier-transform infrared (FTIR) spectrometer (Thermo Nicolet) in the ⌫-X direction are displayed in Fig. 4(e) . Stop gaps centered at a wavelength of 1.3 m (corresponding to a normalized frequency of 0.69) have been observed in both cases, which agree well with the theoretically predicted gap position. It should be emphasized that the measured stop gap of the PC fabricated with a radially polarized beam shows a much higher transmission suppression (Ͼ95% versus ϳ60%) and a much wider wavelength region than those of the PC fabricated with a linearly polarized beam. The high quality stop gap has also been consistently obtained when changing the lattice constant of the PC to d = 0.95 m, as shown as the dotted curve in Fig. 4(e) .
In conclusion, radially polarized beams have been utilized in the 2PP method to fabricate 3D PCs. Owing to the dominant contribution from the longitudinal component under the radially polarized beam illumination, the lateral fabrication resolution has been improved by more than 27.5%. As a result of this feature and the highly symmetric nature of the focal spot, the resultant PC structures present wider stop gaps with stronger suppression than those fabricated with linearly polarized beams.
